Abstract Substantial quantities of energy are required in conventional distillation columns applied in high-purity separation of close-boiling mixtures. To achieve energy saving of distillation, a novel different pressure thermally coupled distillation (DPTCD) was proposed for separating the close-boiling mixture of n-butanol and iso-butanol. Both this intensified energy integration technique and two other processes, namely conventional distillation (CD) and vapor recompression column (VRC), were simulated in process simulator Aspen Plus. The optimization was carried out to determine the optimal values of design and operating variables on the basis of minimizing energy consumption. Subsequently, the energy saving and economic efficiency of the DPTCD scheme were evaluated through the comparison with the other two processes. The results showed that, compared to the CD and VRC processes, the energy consumption of DPTCD process was decreased by 65.21 and 15.79%, respectively, and the total annual cost (TAC) of DPTCD process can be reduced by 33.75 and 10.46%. It demonstrated that DPTCD scheme was the most promising alternative to reduce the total energy consumption and TAC with high purity (99.1 wt%) n-butanol and iso-butanol products among these separation processes.
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Introduction
Distillation is the most common and earliest industrialized unit operation for the separation of liquid mixtures. It is a process of separating and purifying components by heating liquid mixture to form two phases of liquid and gas and taking full advantage of the relative volatility difference of different components. Due to its excellent characters of simple process, high-purity products and good reliability, distillation has been widely used in the fields of chemical, petroleum, and environmental protection, etc. However, it has one stark drawback, i.e., considerable energy consuming-40-70% of energy consumption was used in the separation process of petrochemical industry, and the distillation unit operation accounts for 95%, nearly 3% of the world's total energy consumption [1] [2] [3] . With the worsening energy shortage situation and increasing energy demand in the world, process intensification technology is becoming more important in the chemical process development [4] . Meanwhile, it attracts more and more industrial groups and research teams to compete on researching how to save energy as much as possible. To reduce energy consumption and improve energy utilization efficiency, researchers continuously put forward all kinds of energy-saving technologies. One method is to invent novel distillation column internals of excellent performance on high gas-liquid mass transfer efficiency, including new and efficient trays, random and structured packings [5] [6] [7] [8] . Another way is to take measures to improve the thermodynamic efficiency of distillation system such as adding intermediate condensers or reboilers, adding side stream, and taking thermal coupling techniques, i.e., multi-effect distillation, heat pump distillation and internal thermally coupled distillation, etc. [9] [10] [11] [12] [13] [14] [15] [16] [17] . Recently, Li et al. [18] developed a new different pressure thermally coupled distillation technology widely used in distillation process, in which a conventional distillation column was divided into two columns, one conventional fractionator as rectifying section and the other vacuum one as stripping section. The pressure of rectifier was the same with that of conventional distillation column, while the stripper adopted decompression operation to reduce the bottom temperature of the stripper. When the temperature of top stream of rectifying section was higher than the liquid leaving the bottom of the stripper, the latent heat of top steam can be used to heat the stripping column bottom reboiler, which achieved substantial energy-saving in distillation process by virtue of thermal coupling between the two column sections. This technology was applied to the cases of propylene/propane separation and mixed C4 separation processes. The results showed that the energy consumption of different pressure thermally coupled distillation process could be reduced by 92.3 and 87.1%, respectively, compared to the conventional distillation process. Zhang et al. [19] also studied the performance of the pressure swing thermally coupled distillation (PSTCD) by separating 24 different kinds of binary hydrocarbon mixtures with various boiling point differences. The results showed that both PSTCD and heat pump distillation processes have high cost-saving efficiencies for the binary mixture with low boiling points differences. PSTCD process was more cost-conserving than the heat pump both in operating cost and TAC. Moreover, further research and optimization were conducted for the methyl cyclopentane/ benzene binary mixture, and the results showed that relatively low feed temperature and high products purities can contribute to TAC saving efficiency and the optimum feed location was on the 1st stage of the stripping section. Besides, on the basis of PSTCD process,many scholars proposed some interesting structures by combing DPTCD process with other principles. Li et al. [20] presented different pressure thermally coupled reactive distillation (DPTCRD) for methyl acetate hydrolysis. The results demonstrated that the TAC and energy consumption of the DPTCRD process can be saved by 7.49 and 40.07%, respectively, compared with conventional reactive distillation. Moreover, a novel different pressure thermally coupled extractive distillation column was proposed by Sun et al. [21] for the separation of propylene/propane with aqueous acetonitrile (ACN) solution as entrainer, and 46.02% energy saving and nearly 9.7% reduction in TAC could be obtained through this attractive technology in contrast with conventional extractive distillation.
As reaction materials and solvents, n-butanol and isobutanol are widely used in the fields of organic synthesis, food and medicine, etc. However, it is difficult to obtain high purity of n-butanol product using current production method, and iso-butanol is the main by-product. Generally, because the boiling points of n-butanol and iso-butanol are very close, a large amount of energy is consumed to separate them by conventional distillation. To reduce energy consumption in the separation of this close-boiling mixture, Gao et al. [22] investigated three different distillation schemes, namely conventional distillation, top mechanical vapor recompression heat pumps (MVRHP) distillation, and bottom-flashing MVRHP distillation, and the two innovative processes can achieve about 70% reduction in both energy requirement and TAC compared with the conventional distillation. Besides, top MVRHP distillation was demonstrated the most economical option. Li et al. [23] proposed an attractive self-heat recuperative distillation process for the separation of n-butanol and iso-butanol mixture. The results indicated that TAC could be reduced by 37.74 and 11.35%, respectively, in contrast with the conventional distillation process and vapor recompression column process.
The innovative DPTCD process and coupled techniques with other processes have been reported in lots of previous literatures. Unfortunately, to our knowledge, the application of DPTCD process to separate the n-butanol and isobutanol mixture has not yet been reported. In this paper, three different distillation techniques, namely the conventional distillation column process, vapor recompression column process and DPTCD process, are used to separate the binary mixture. Afterward, the optimization of three schemes is investigated. Finally, the energy saving and economic comparison are conducted on the basis of optimal conditions.
Process description
The boiling points of iso-butanol and n-butanol at atmospheric pressure are 107.3 and 117.3°C, respectively, and the relative volatility is slightly larger than 1, which leads to much energy to be consumed in the conventional distillation. To solve this problem, two energy saving schemes are proposed: different pressure thermally coupled distillation process and vapor recompression distillation. Then, comparisons with each other and the conventional distillation sequence are conducted to find the optimal one. Figure 1 gives the schematic flowsheet diagrams of all three processes, and a single feed is adopted in every process.
The CD process is shown schematically in Fig. 1a . Feed stream enters distillation column T1 around the intermediate position, and iso-butanol and n-butanol products are taken out from the top and bottom of the column T1, respectively.
The VRC process is illustrated in Fig. 1b . The overhead vapor is pressurized and heated through a compressor. Then, this stream is used as the heat source in a heat exchanger which plays a role of the reboiler and condenser of column T2 at the same time. The bottom liquid stream is divided into two parts: one as the n-butanol product and the other used as a cooling agent into heat exchanger. After heat transfer, the reboil steam returns to the bottom of column T2 while the high-pressure stream is decompressed and cooled by a throttling valve, and it also needs to be further cooled by a cooler to saturate liquid phase state. Then, a part of saturate liquid stream is fed back to the top of the column, and the other as the iso-butanol product. Figure 1c presents DPTCD process diagram. Thermal coupling in this structure is practical by dividing the conventional distillation column into two individual columns with different pressures, a high pressure (HP) one as rectifier and the other low pressure (LP) as stripper. The overhead vapor of HP column as the heat source heats the partial liquid leaving the bottom of LP column in main heat exchanger, where the generated boil-up vapor returns to the bottom of the stripper, and the overhead vapor is further condensed by a trim condenser before coming back to the top of the HP column. The liquid efflux from the bottom of the HP column flows into the top of the LP column by virtue of differential pressure. The overhead vapor of the LP column is compressed and then driven into the bottom of the HP column as ascending vapor. This scheme is used for separation of iso-butanol and n-butanol mixture for the first time in this work to improve the thermal efficiency. It should be highlighted that overhead vapor latent heat is the unique heat source without extra external heat.
Design and simulation
In this work, CD process, VRC process, and DPTCD process are designed for separating a close-boiling mixture of n-butanol and iso-butanol using the commercial simulator Aspen Plus. The study of CD is divided into three steps: shortcut design, rigorous simulation and optimization. Then, based on the results of the CD scheme, the simulation and optimization of VRC process and DPTCD process are carried out to find the optimal design and operating parameters. All the optimization variables include feed location (N F ), the number of the theoretical plates (N) for CD process, and compression ratio (CR) for both VRC and DPTCD processes. The simulation of distillation columns is based on the rigorous equilibrium stage module ''RadFrac'', which uses MESH equations, including material balance, vapor-liquid equilibrium, component summation and enthalpy balance equations for each stage, and the same tray type (sieve) and tray spacing are employed in every column. The Wilson model is employed to obtain indispensable vapor-liquid equilibrium data of the binary system in this work, and the effectiveness was demonstrated by previous studies [22, 24] .
Conventional distillation process
For the CD process, the feed stream with 5000 kg/h, composed of 55 wt% n-butanol and 45 wt% iso-butanol, is at 130 kPa and 120°C. The specifications for the purity of n-butanol and iso-butanol products are all set at 99.1 wt%. For a fair comparison, the feed condition and product requirement of VRC process and DPTCD process should be consistent with those of the CD process. Besides, N F and N for the other processes are the same with the optimal counterparts of CD process. The column efficiency is 80%, and top stage/condenser pressure is 100 kPa with the stage pressure drop of 0.75 kPa.
Based on known conditions, the basic parameters of CD process, namely the number of theoretical stages, feed stage, and the reflux ratio (R), are estimated by shortcut design with using the ''DSTWU'' block in Aspen Plus. The simulation results of N, N F and R are 54, 29 and 7.06, respectively. Then, the CD process (Fig. 1a) can be simulated with the ''Radfrac'' module to achieve the separation task.
Actually, the initial parameters (N = 54, N F = 29) are not optimum. Therefore, the optimizations of N and N F are carried out to obtain optimal values under the specified product purity. The optimization purpose is based on minimizing energy consumption, which is closely related with the total annual cost. And reboiler duty is the main energy consumption in CD process. Here, we choose reboiler duty as the objective function. Firstly, the influence of feed location of column on reboiler duty is investigated, and the result is shown in Fig. 2a . It is evident that, as N F increases from 20 to 40, the reboiler duty decreases first and then increases, and the minimum value is obtained at stage 27, which means optimal feed position is 27. Then, fixing the ratio of feed position to the number of theoretical plates (N F :N = 27:54), the influence of the number of theoretical plates on heat duty of the reboiler is investigated. As shown in Fig. 2b , the reboiler duty decreases continuously with the increase of the number of theoretical plates, and it declines slightly when N is greater than 60. We set the column with 62 stages (including condenser and reboiler). The rigorous simulation results are shown in Table 1 with the optimal values (N = 62, N F = 31).
To perform a meaningful comparison, N F and N for the other processes are, respectively, set to 31 and 62 in view of the optimal counterparts of CD process. Vapor recompression column process Figure 1b shows a flowsheet of VRC process, including a column with 62 stages (numbered from the top stage). The feed mixture enters at stage 31 of the column T2. The feed condition, product specification, column efficiency and stage pressure drop are the same with these of conventional distillation process. In the process of simulation, compression ratio is the most important parameters of VRC process, which should be high enough to ensure a positive heat transfer of heat exchanger. In this section, in order to obtain optimal compression ratio, the influence of compression ratio on the heat transfer temperature difference (DT) and compressor duty (Q comp ) is estimated, respectively. Generally, DT refers to the difference between the outflow temperature of compressor and the bottom liquid stream temperature of column, and it should not be lower than the minimum heat transfer temperature difference (DT min = 10°C) [20, 22] . However, when the DT is equal to or larger than the lower limit of temperature difference, the temperature difference of heat exchanger between two outlet fluids may be small or even less than zero, which will lead to considerable heat transfer area or abnormal operation. Therefore, in this section, the heat transfer in heat exchanger is calculated on the basis of logarithmic mean temperature difference (LMTD), and DT refers to the logarithmic mean value. The results are shown in Fig. 3 , as the compressor ratio increases from 2.86 to 7, DT rises from 4.93 to 28.50°C, Fig. 3 The influence of compression ratio on the heat transfer temperature difference and compressor duty.
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and the dotted line represents minimum heat transfer temperature difference (10°C). As expected, variation of compressor duty with compressor ratio is approximately linear. Since the electricity cost dominates the overall annual operation cost, it is more advisable to choose a smaller compressor ratio. In view of the cost of heat exchanger and compressor in VRC process, compressor ratio is set as 3.45, and the corresponding simulation results are shown in Table 1 .
Different pressure thermally coupled distillation
The design of the DPTCD process is based on CD column, namely the high pressure one as rectifying section and the other as stripping section. Figure 1c shows a flowsheet of DPTCD process, which includes high pressure (HP) column with 30 stages and low pressure (LP) column with 32 stages. The feed mixture enters at top stage of the LP column. The feed condition, product specification and all the other design and operating variables are the same with these of CD column. The compression ratio of compressor is numerically equal to the ratio of the bottom pressure of the HP column to the top pressure of the LP column, and pressure in HP column changes with the compression ratio, while the pressure of the LP column is fixed at 100 kPa. The stage pressure drop in each column is 0.75 kPa. The DT min is also set as 10°C for this process, which is of crucial importance to implement a normal heat transfer. Figure 4 illustrates how the compression ratio of compressor affects the heat transfer temperature difference (DT), compressor duty (Q comp ), condenser duty (Q cond ) of trim condenser and reflux ratio. In this section, DT refers to the logarithmic mean value of temperature difference at two ends of main heat exchanger. It shows that, as compression ratio increases from 2.25 to 5, DT rises from 4.92 to 34.98°C, and in order to meet DT min requirement of main heat exchanger, CR should be greater than 2.58. In the meantime, both Q comp and R climb with the increase of compression ratio, which means that the energy consumption also increases gradually. As shown in Fig. 4b , Q cond is always less than zero in range of CR, which indicates that the vaporization heat of the bottom liquid of LP column can be completely provided by overhead vapor of HP column without trim reboiler.
Therefore, compression ratio should be reduced as far as possible under the precondition of the DT min and energy efficiency. Unfortunately, the heat-exchange area of main heat exchanger will increase with the reduction of the temperature difference supposing the heat duty is constant. Finally, 2.6 has been selected for CR in DPTCD process, and the corresponding simulation results are shown in Table 1 .
Energy saving
The comparisons on energy saving of different processes are given in Table 2 . Here, the energy savings of VRC and DPTCD processes are calculated, respectively, by Eq. (1). The total energy consumptions (Q total ) of the VRC and DPTCD process can be acquired from reboiler duty (Q reb ) and compressor duty (Q comp ), and the condenser duty (Q cond ) is actually negligible. The relationship between them can be described as Eq. (2), of which the factor 3 for the compression duty refers to the conversion coefficient of electric energy transferring into thermal energy [25] . Based on the energy consumption of each equipment given in Table 1 , the obtained Q total of VRC and DPTCD processes are 1013.09 and 853.13 kW.
It is obvious that, compared with conventional b The influence of compression ratio on compressor duty and trim condenser duty. Fig. 4 The influence of compression ratio on the heat transfer temperature difference, reflux ratio, compressor duty and trim condenser duty distillation process, both VRC and DPTCD processes achieve much energy saving for separating of iso-butanol and n-butanol mixture. Among them, DPTCD scheme is the best option, which reduces energy consumption by 15.79% in contrast with VRC process.
Economic evaluation
From the last section, significant energy saving of DPTCD scheme is demonstrated in Table 2 , while the capital investment increases at the same time. To properly estimate the economic feasibility of DPTCD, it is chosen here to compare total annual costs (TACs) of CD, VRC and DPTCD processes. The TAC includes two parts: annual operation cost and capital investment, which can be calculated by Eq. (3):
The capital and operation cost of all three processes are estimated using the correlations given by Douglas with a payback period of 5 years [26] . The capital cost is obtained by summing up individual equipment (distillation column, heat exchangers, and compressor) costs, and the operation cost is equal to utility costs, i.e., the amount stemming from the sum of electricity (16.81$/GJ), low pressure steam (7.72$/GJ) and cooling water (0.354$/GJ) costs for a year assuming 8000 operating hours.
The estimated capital costs and operation costs for CD, VRC and DPTCD processes are summarized in Table 3 . The results show that TAC of DPTCD and VRC processes can be saved up to 33.75 and 26.00%, respectively, when compared with that of CD process. And the TAC saving of DPTCD process is 10.46% larger than that of VRC process.
Finally, the main focus of this study is to investigate the economic feasibility of DPTCD process when it is used to separate the close-boiling mixture of n-butanol and isobutanol. And the DPTCD process represents a promising technology option. To be of practical use, the high level of control over variables is necessary for its operation. However, this point beyond the scope of this study, and we will continue to study in the future work. 
Conclusions
In this paper, separating the close-boiling mixture of nbutanol and iso-butanol is studied in three different sequences including CD process, VRC process and DPTCD process. Design and configuration optimization of all three schemes are conducted by adjusting important parameters. Based on the effect of such parameters on the heat transfer temperature difference and energy consumption, the optimal design and operating variables such as feed location, the number of the theoretical plates, and compression ratio are obtained. Both the VRC and DPTCD schemes have great energy saving for the binary close-boiling mixture; fortunately, the DPTCD process can achieve 15.79% energy saving than the VRC process. At the same time, the two processes also show good economic performance in terms of TAC, and the TAC of DPTCD process exhibits a reduction of 10.46% when compared with VRC. It demonstrates that the DPTCD technology is more economic than conventional distillation and even VRC process for the separation of nbutanol and iso-butanol mixture. It is creditable that the DPTCD process can bring a large amount of energy saving and economic benefits in the practical application to industrial scale.
